One of the most important questions in biological science is how a protein functions. When a protein performs its function, it undergoes regulated structural transitions. In this regard, to better understand the underlying principle of a protein function, it is desirable to monitor the dynamic evolution of the protein structure in real time. To probe fast and subtle motions of a protein in physiological conditions demands an experimental tool that is not only equipped with superb spatiotemporal resolution but also applicable to samples in solution phase. Time-resolved X-ray solution scattering (TRXSS), discussed in this Account, fits all of those requirements needed for probing the movements of proteins in aqueous solution. The technique utilizes a pump−probe scheme employing an optical pump pulse to initiate photoreactions of proteins and an X-ray probe pulse to monitor ensuing structural changes. The technical advances in ultrafast lasers and X-ray sources allow us to achieve superb temporal resolution down to femtoseconds. Because X-rays scatter off all atomic pairs in a protein, an X-ray scattering pattern provides information on the global structure of the protein with subangstrom spatial resolution. Importantly, TRXSS is readily applicable to aqueous solution samples of proteins with the aid of theoretical models and therefore is well suited for investigating structural dynamics of protein transitions in physiological conditions. In this Account, we demonstrate that TRXSS can be used to probe real-time structural dynamics of proteins in solution ranging from subtle helix movement to global conformational change. Specifically, we discuss the photoreactions of photoactive yellow protein (PYP) and homodimeric hemoglobin (HbI). For PYP, we revealed the kinetics of structural transitions among four transient intermediates comprising a photocycle and, by applying structural analysis based on ab initio shape reconstruction, showed that the signaling of PYP involves the protrusion of the N-terminus with significant increase of the overall protein size. For HbI, we elucidated the dynamics of complex allosteric transitions among transient intermediates. In particular, by applying structural refinement analysis based on rigid-body modeling, we found that the allosteric transition of HbI accompanies the rotation of quaternary structure and the contraction between two heme domains. By making use of the experimental and analysis methods presented in this Account, we envision that the TRXSS can be used to probe the structural dynamics of various proteins, allowing us to decipher the working mechanisms of their functions. Furthermore, when combined with femtosecond X-ray pulses generated from X-ray free electron lasers, TRXSS will gain access to ultrafast protein dynamics on sub-picosecond time scales.
■ INTRODUCTION
Proteins are complex macromolecules that play many important roles in regulating life-sustaining processes in living organisms. A protein has its specific function governed by the sequence of constituent amino acids and a resultant three-dimensional (3D) structure. A functioning protein undergoes structural changes leading to a specific functional conformation in a precisely controlled manner and can transiently reside in relatively stable intermediate conformations. Therefore, we can approximate the structural transitions of a protein by a series of quasi-equilibrium processes through those transient intermediates. In general, a transition between the transient intermediates occurs on a wide range of time scales from sub-picosecond to seconds and in length scales from subangstroms to tens of angstroms. To probe such fast and small-amplitude motions of proteins, we need an experimental tool that is not only equipped with superb spatiotemporal resolution but also applicable to proteins in physiological conditions (that is, in aqueous solution phase).
The dynamics of protein structural transitions have been thus far studied mainly by using time-resolved spectroscopies, 1−4 time-resolved X-ray crystallography, 5−8 and multidimensional nuclear magnetic resonance (NMR) spectroscopy. 9, 10 However, each of those experimental methods has its own limitation, and none of them satisfy all of the above requirements needed for probing rapid and small motions of proteins in solution. In this regard, time-resolved X-ray solution scattering (TRXSS), also known as time-resolved X-ray liquidography (TRXL), 11−17 is a complementary technique well suited for investigating protein structural dynamics in solution. As schematically shown in Figure  1 , the technique makes use of a pump−probe scheme employing (1) an optical pump pulse that initiates structural transitions of photoactive proteins and (2) an X-ray probe pulse that detects ensuing structural changes after photoexcitation. Since X-rays scatter off all atomic pairs in a protein molecule, an X-ray scattering pattern provides information on the global structure of the protein with subangstrom structural sensitivity. In addition, TRXSS is readily applicable to proteins in aqueous solution with the aid of theoretical models and thus is appropriate for investigating structural dynamics of proteins in physiological conditions. Thus, TRXSS can serve as a unique and effective tool that probes the real-time structural dynamics of proteins in solution and complements other probes of protein dynamics.
■ STRUCTURAL SENSITIVITY OF TIME-RESOLVED X-RAY SOLUTION SCATTERING TRXSS is based on elastic scattering of X-ray photons off atomic pairs in molecules and its spatial resolution is determined by the profile of scattering intensity as a function of scattering angle. Here we examine whether the spatial sensitivity of X-ray solution scattering is high enough to detect the conformational changes involved in functional transitions of a protein. To do so, we performed molecular dynamics (MD) simulations for cytochrome c (Cyt c) and myoglobin (Mb) to highlight structural changes of large and small amplitudes, respectively. For Cyt c, we simulated the unfolding process that occurs by transitions through various conformations of different sizes. The maximum root-mean-square deviation in the positions of C α atoms (C α -RMSD) between the simulated unfolded structure and the native structure was 10.2 Å. For various unfolded conformations generated by the MD simulation as shown in Figure 2a , we calculated theoretical static scattering curves using Crysol 18 and subsequently obtained difference scattering curves of the unfolded conformations by subtracting the static scattering curve of the native folded structure. The difference scattering curves exhibit oscillatory features in a q-range from 0 to 0.3 Å −1 . The scattering intensity in this small-angle region called smallangle X-ray solution scattering (SAXS) is sensitive to the change in the overall shape and size of a protein. Accordingly, Figure 2a clearly shows that the amplitude of the difference scattering curve in the SAXS region increases gradually as the conformation of Cyt c changes toward the unfolded state, indicating that the change in the global conformation of a protein can be readily detected by TRXSS.
For Mb, we sampled various conformations using the MD simulation. Compared with the case of Cyt c, the structural variation of Mb was restrained to a much smaller degree, and two representative conformations shown in Figure 2b have C α -RMSD of only 0.4 Å. As can be seen in Figure 2b . The scattering intensity in this large-angle region called wide-angle Xray solution scattering (WAXS) is sensitive to small-amplitude motions of a protein. Accordingly, the shapes of the difference scattering curves change significantly with the change in the conformation of Mb, specifically subtle rearrangement of helices constituting the protein. This result shows that even a small variation of the protein conformation can be detected sensitively by the amplitude change of the difference scattering curve in the WAXS region and thus demonstrates that TRXSS has a potential to detect both large and small structural changes of a protein.
Here we note that TRXSS is sensitive to the changes in global conformation of proteins, for example, tertiary and quaternary structural changes, and therefore its subangstrom structural sensitivity applies only to the movements of secondary structures (for example, α-helix). In contrast, time-resolved X-ray crystallography can detect atomic-level structural changes, that is, the movements of individual atoms. In this regard, TRXSS has limited spatial resolution compared with time-resolved X-ray crystallography.
■ ANALYSIS SCHEME OF TIME-RESOLVED SCATTERING DATA Although the simulations in the previous section demonstrate that structural changes in a protein can be readily detected by the difference scattering curves, it is still challenging to extract the detailed structural changes of the protein from the scattering curves. The first step toward identifying the 3D structures of the protein intermediates is to extract the difference scattering curves that directly reflect the structural features of reaction intermediates and the transition kinetics among them. This task can be accomplished by the kinetic analysis based on singular value decomposition (SVD) and principal component analysis (PCA), which allows us to elucidate the structural dynamics of Figure 1 . Schematic of TRXSS experiment. The protein in solution is excited by an optical laser (pump) pulse. After a well-defined time delay (t), an X-ray (probe) pulse generated from a synchrotron is delivered to the photoexcited sample and the scattering patterns are measured at various time delays. By taking the difference between scattering patterns measured before the laser excitation (i.e., at a negative time delay) and after the laser excitation (i.e., at a positive time delay), the transient structural change of the protein can be obtained selectively.
proteins, including the difference scattering curves of structurally distinguishable species, so-called species-associated difference scattering curves. 19, 20 Once the species-associated difference scattering curves are obtained, they can be used to reveal the details of structural changes among the protein intermediates using structural analysis tools described below.
Ab Initio Reconstruction of Global Protein Conformation
The molecular shape of a protein intermediate can be readily extracted from the species-associated difference scattering curve by the shape reconstruction method used in conventional SAXS analysis. First, a species-associated "static" scattering curve is built for each intermediate by adding a static scattering curve for Overall analysis scheme of the TRXSS data. Population changes and species-associated difference scattering curves of reaction intermediates are obtained by singular value decomposition (SVD) analysis and subsequent principal component analysis (PCA). By minimizing the discrepancy (χ 2 ) between experimental species-associated scattering curves and theoretical scattering curves calculated from a dummy atom model or a rigid-body model, the refined structure that yields the scattering curve fitting the experimental scattering curve is determined as the structure of a protein intermediate.
the ground state to the scaled species-associated difference scattering curve. Then, from the species-associated static scattering curve, a pair distribution function, P(r), and the radius of gyration, R g , are obtained for each intermediate species by the indirect Fourier transform using the GNOM software. 21 Finally, using the optimal pair distribution function and the speciesassociated static scattering curve, the ab initio bead modeling is implemented to reconstruct the molecular shape of the intermediate using the DAMMIN software. 22 In the ab initio shape reconstruction of a protein, the protein structure is described as a collection of densely packed bead atoms inside a constrained volume. The spatial configuration of randomly oriented bead atoms is varied until the discrepancy between the species-associated static scattering curve and the theoretical scattering curve calculated for the bead atoms is minimized. For each species-associated difference scattering curve, this reconstruction procedure is repeated multiple times to make a structure pool that reflects the structural fluctuation of the protein. From this structure pool, the representative shape of the protein is reconstructed to determine an average structure of each intermediate.
Structural Refinement Aided by Rigid-Body Modeling
Besides the molecular shape, more detailed structures of the protein intermediates can be obtained by performing structural refinement aided by rigid-body modeling applied to the difference scattering patterns in both SAXS and WAXS regions. This method is based on the assumption that the short-order structural units of the protein, for example, α-helices, in the crystal structure, which is used as the initial structure, are maintained as rigid bodies in solution. Once we divide the entire protein into several rigid bodies, we can find the optimum positions and orientations of the rigid bodies that yield a theoretical scattering curve fitting the experimental scattering curve while maintaining chemical stabilities of the protein. For the optimization, we minimize the value of a target function, E, defined by a sum of (1) a χ 2 value that represents the discrepancy between the theoretical and experimental scattering curves and (2) a penalty value that represents chemical instability. To avoid being trapped in local energy minima, the minimization is conducted for various initial structures generated by randomly moving rigid bodies in a template crystallographic structure. The lowest target function value is searched based on a Monte Carlo simulation algorithm, which moves rigid bodies randomly. By the minimization for various initial structures, we select the protein structures that give target function values below a certain threshold as candidate structures of a protein intermediate.
The overall scheme of the data analysis for the TRXSS data of proteins is summarized in Figure 3 . In following sections, we present two representative examples where the structural dynamics of photoinduced protein structural transitions were revealed using the analysis methods described above.
■ GLOBAL CONFORMATIONAL CHANGES: SIGNALING OF PHOTOACTIVE YELLOW PROTEIN
As an example of demonstrating the suitability of TRXSS to probe the global conformational changes of proteins, we investigated the photoreaction of photoactive yellow protein (PYP). PYP is a blue-light photoreceptor and serves as a signal transduction module that converts external light stimuli into a biological signal (Figure 4a) . 23 On absorption of blue light, PYP undergoes a signaling process that accompanies not only the trans-to-cis isomerization of the chromophore, p-coumaric acid (pCA), but also the change in the global conformation of the protein matrix.
6,24−26 Thus, PYP is a good system for demonstrating the structural sensitivity of TRXSS for global structural changes. By performing kinetic analysis on the TRXSS signals of wild-type PYP shown in Figure 4b , 19 we extracted the kinetics of the PYP photocycle (Figure 4c) . Specifically, the kinetic analysis yielded five kinetic components (10 μs, 279 μs, 1.3 ms, 23 ms, and 650 ms) associated with the structural transitions among four intermediates (termed pR 1 , pR 2 , pB 1 , and pB 2 ) constituting the photocycle of PYP. From the kinetic analysis, we extracted the species-associated difference scattering curves (Figure 4d) , which contain the information on the 
Extracting the Global Conformational Changes
While we can have a rough estimate of the structural change of a protein from the oscillatory pattern of a difference scattering curve, a more intuitive picture can be obtained by characterizing the shape of a protein molecule in real space. To do so, we performed structural analysis based on the ab initio shape reconstruction as described in a previous section. According to the result of the shape reconstruction shown in Figure 5a , one side of the protein protrudes in the transitions to the pR 1 and pR 2 intermediates, and the protrusion grows up gradually with the progress of the photocycle, resulting in the pB 2 intermediate with the maximum protein volume estimated from the radius of gyration (R g ). In particular, the molecular shape of pB 2 is in good The structural change of the pCA chromophore determined from time-resolved X-ray crystallography. 6 We note that the pR 1 and pR 2 intermediates in solution were termed as pR E46Q and pR CW intermediates in crystal in a previous study. 5, 6 (c) Change in the radius of gyration (R g ) for each intermediate relative to the groundstate PYP as the photocycle in solution ( ■ ) and crystal (•) progresses over time. The magenta lines emphasize the formation of a putative signaling state (pB 2 ) in solution and crystal. For clarity, the protein shape of pB 2 is compared with that of ground state (pG). The reconstructed shape of pB 2 state is superimposed onto the protein structure (rainbow cartoon) determined from a combination of various probes (DEER, NMR, and SAXS/WAXS). agreement with the atomistic structure of a putative signaling state of wild-type PYP (PDB code 2KX6) determined from a combination of multiple structural probes (DEER, NMR, and Xray scattering). 27 This good agreement confirms the integrity of the protein conformation reconstructed from the TRXSS data alone. The protruded part observed in all the intermediates of the PYP photocycle was assigned to the N-terminal region.
Comparison of Kinetics and Structural Dynamics in the Solution and Crystalline Phases
The kinetics extracted from the TRXSS data provides a rare opportunity to directly compare the effect of environment on the protein kinetics. It turned out that, as shown in Figure 5a ,b, the kinetic model for the photocycle of PYP in solution phase determined by TRXSS is consistent with the one in crystalline phase obtained by time-resolved Laue X-ray crystallography. 6 Specifically, the photoexcited PYP in both crystalline and solution phases undergoes bifurcated transitions through two types of red-shifted intermediates (pR 1 and pR 2 ) to the blueshifted pB 1 intermediate on comparable time scales. On the other hand, the pB 1 → pB 2 transition, which leads to the formation of the signaling state, exhibits very different dynamics in the two phases, that is, the pB 1 → pB 2 transition occurs in 1.3 ms in solution but is much slower in crystal (18 ms). By contrast, the recovery of pG from pB 2 is accelerated in the crystalline phase. To compare the extent of the conformational changes with the progress of the PYP photocycle in crystal and solution, we plotted in Figure 5c the change of R g for each intermediate relative to the pG structure. It can be seen that the change of R g in solution (0.9 Å) is 1 order of magnitude larger than that in the crystal (0.07 Å). The movement of the N-terminal region is restricted in the crystal due to crystal contact whereas the Nterminus can move freely in solution. The slow pB 1 → pB 2 transition accompanying small conformational change and the accelerated recovery of pG in the crystalline phase directly demonstrate how the crystal contacts affect the structural dynamics of PYP.
■ SUBTLE STRUCTURAL TRANSITIONS: ALLOSTERIC TRANSITION OF HOMODIMERIC HEMOGLOBIN
As shown above, PYP involves rather large conformational changes, but many proteins effect only small structural perturbations. For example, crystal structures of the oxygenated (relaxed, R) and deoxygenated (tense, T) states of homodimeric hemoglobin (HbI) characterized by X-ray crystallography 28, 29 exhibit a small structural difference, giving only 0.6 Å RMSD. HbI has a simpler structure than hemoglobin (Figure 6a ) and exhibits cooperative ligand binding activity, and therefore it is a good model system for studying allosteric structural changes. However, detailed structural dynamics of HbI associated with the allosteric effect had not been understood completely. To address these questions and examine the effect of the mutation on the protein structural transition, we applied TRXSS to the wild-type HbI protein ligated with CO ligands, HbI(CO) 2 , and its F97Y mutant, where Phe97 in each subunit was replaced by tyrosine. It has been known that the Phe97 residue is flipped during the R−T transition. 28 
Kinetics of HbI and the Effect of Mutation
TRXSS signals of wild-type and F97Y HbI are very different from each other after 1 μs as can be seen in Figure 6b , showing the effect of mutation on the structural dynamics of the allosteric transition. By performing kinetic analysis based on SVD and PCA on the TRXSS signals, we extracted the kinetics of the allosteric transition. We identified three structurally distinct intermediates termed I 1 , I 2 , and I 3 that undergo structural transitions following a kinetic model common for both wild-type and F97Y ( Figure  6c) . 20 The kinetics show that the transition from I 2 to I 3 has two time constants depending on the degree of the ligand dissociation and thus reveal that the singly liganded and unliganded forms of each intermediate share the same structure, providing direct evidence that the ligand photolysis of only a single subunit induces the same structural change as the complete photolysis of both subunits does. In addition, the overall kinetics is accelerated by an order of magnitude in F97Y, except for the I 1 -to-I 2 transition and the I 2 -to-I 1 geminate recombination. Especially, in F97Y, the R−T transition from I 2 to I 3 is accelerated significantly and becomes faster than the geminate recombination, resulting in practical quenching of the geminate recombination (Figure 6d ). The acceleration in F97Y is consistent with a stronger ligand binding affinity of the mutant. The wild-type and F97Y forms have identical species-associated difference scattering curves for the I 1 and I 2 intermediates (Figure  6b ), indicating the negligible effect of the mutation on the structures of I 1 and I 2 . In contrast, the wild-type and the F97Y mutant forms show distinctively different species-associated difference scattering curves for the I 3 
Structural Dynamics of HbI
The detailed structures of the intermediates involved in the allosteric transition of HbI can be extracted by performing structural refinement aided by rigid-body modeling on the species-associated difference scattering curves of I 1 , I 2 , I 3 WT , and I 3 F97Y as described in a previous section. 20 From the structural refinement, for each intermediate, we obtained a number of candidate structures whose theoretical scattering curves well match the corresponding experimental species-associated difference scattering curve as shown in Figure 7a .
The details of tertiary structural changes of wild-type HbI can be visualized by displacement plots, which show the displacements of amino acid residues induced by a protein structural transition as a function of the amino acid sequence. The displacement is defined by the difference in distance between the C α atom in a residue and the iron atom of the heme in the same subunit. The displacement plots of the candidate structures of individual intermediates are shown in Figure 7b (upper panel) , where the displacements of I 1 , I 2 and I 3 WT were calculated relative to HbI(CO) 2 , I 1 , and I 2 , respectively. The average displacement plot of I 1 relative to HbI(CO) 2 shows that the CD loop (residue 50−59) and the G helix move away from the heme while the E and F helices move toward the heme in the transition from HbI(CO) 2 to I 1 . The displacement plot of I 2 relative to I 1 exhibits only slight fluctuation, indicating that the tertiary structure remains nearly intact during the transition from I 1 to I 2 . Then, the transition from I 2 to I 3 WT accompanies the rearrangement of all the helices as shown in the displacement plot of I 3 WT relative to I 2 . The displacement plots of I 3 WT and the crystallographic structure of deoxy HbI (PDB code 4SDH) relative to the structure of HbI(CO) 2 (PDB code 3SDH) are similar to each other, except for terminal regions, as shown in Figure 7b (lower panel). This observation indicates that the tertiary structure of I 3 WT in solution is similar to the structure of the T-state in crystal. The smaller displacements of the helices in the terminal regions of HbI in the crystalline phase can be attributed to the restricted movements by crystal contacts.
Subunit Rotation and Contraction of HbI
We also quantified the quaternary structural changes using a couple of structural parameters, the angle of subunit rotation and the distance between the iron atoms of hemes. Those two structural parameters are key parameters that describe quaternary structural change because the ligand-binding affinity of HbI is modulated by the subunit rotation and the hydrogenbonding network connecting the two hemes. 30, 31 Figure 7c shows the subunit rotation angles and the heme−heme distances in the candidate structures of individual intermediates. The formation of I 1 and I 2 does not involve any notable subunit rotation or contraction of the heme−heme distance. By contrast, the transition from I 2 to I 3 WT accompanies the rotation of subunits (subunit rotation angle = 3.4°) and the decrease of the heme− heme distance (by 1.3 Å). Based on this result, we concluded that I 1 and I 2 correspond to the R states and I 3 WT is equivalent to the T state. For F97Y HbI, we can see that the formation of I 3 F97Y accompanies the subunit rotation by 2.9°but does not involve any decrease of the heme−heme distance. The unchanged heme−heme distance of I 3 F97Y can be explained by considering the presence of Tyr97 facing the interface in a deoxy form. 28 
■ CONCLUSION AND FUTURE OUTLOOK
In this Account, we demonstrated that TRXSS has structural sensitivity enough to probe the large-and small-amplitude motions of proteins in real time, for example, the change in the global conformation and even subtle tertiary and quaternary structural changes. Although TRXSS has been thus far very successful in revealing the structural dynamics of proteins in solution, there still remains much room for further improvement. For example, by combining TRXSS with MD simulations, 32 we may obtain rather direct information on the transition kinetics and pathways at the atomic level. Also, considering that the structural information contained in time-resolved solution scattering data is limited compared with that of crystallographic data, a variety of schemes to increase the information content are under development, such as anisotropic scattering 33 and heavyatom labeling. In addition, with the development of X-ray free electron lasers (XFELs), the time resolution of TRXSS 34, 35 and time-resolved X-ray crystallography 36 has been improved down to femtosecond time scale. By performing femtosecond X-ray solution scattering at XFEL facilities, one will be able to make a leap forward to investigate ultrafast dynamics of proteins on subpicosecond time scales.
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